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The current shift of fishery efforts towards the deep sea is raising concern about the vulnerability of deep-water 
sharks, which are often poorly studied and characterized by problematic taxonomy. For instance, in the Mediterranean 
Sea the taxonomy of genus Centrophorus has not been clearly unravelled yet. Since proper identification of the 
species is fundamental for their correct assessment and management, this study aims at clarifying the taxonomy of 
this genus in the Mediterranean basin through an integrated taxonomic approach. We analysed a total of 281 gulper 
sharks (Centrophorus spp.) collected from various Mediterranean, Atlantic and Indian Ocean waters. Molecular 
data obtained from cytochrome c oxidase subunit I (COI), 16S ribosomal RNA (16S), NADH dehydrogenase subunit 
2 (ND2) and a portion of a nuclear 28S ribosomal DNA gene region (28S) have highlighted the presence of a unique 
mitochondrial clade in the Mediterranean Sea. The morphometric results confirmed these findings, supporting the 
presence of a unique and distinct morphological group comprising all Mediterranean individuals. The data strongly 
indicate the occurrence of a single Centrophorus species in the Mediterranean, ascribable to C. cf. uyato, and suggest 
the need for a revision of the systematic of the genus in the area.

ADDITIONAL KEYWORDS:   deep sea – fisheries – phylogeny – shark fins – Squaliformes.

INTRODUCTION

The  Mediterranean  Sea  is  a  marine  biodiversity 
hotspot (Coll et al., 2010). Among the 
numerous taxa inhabiting the basin, 
elasmobranchs  play  an  important  role,  acting  as 
apex predators with strong top-down effects on 
regulating the structure of marine communities 
(Dulvy et al., 2008; Ferretti et al., 2010). The  global 
decline of coastal fish stocks over the last two 
centuries has led many industrial fisheries to 
expand their activities towards deeper, open-seas 
areas  (Myers  &  Worm,  2003;  Watson  et  al.,  2004; 
Morato et al.,  2006).  This  has  also  occurred  in  the 
Mediterranean Sea where, in the last century, 
commercial fisheries began to employ more 
sophisticated technologies and  equipment,  such 
as  bottom  trawls,  gillnets  and  longlines  to  more 
effectively  exploit  less  productive  waters (Cartes et 
al., 2004; Tudela, 2004; Pinello et al., 2018). 
Unfortunately,  these  fishing  practices  represent  the 
principal  driving  factor  of  bycatch  for  non-target 
fish such as sharks (Oliver et al., 2015).

Deep-water  sharks  appear  to  be  extremely 
vulnerable to fishing pressure and overexploitation 
due to their life-history traits, which include 
slow growth, longevity, late maturity and low 
fecundity  (García  et  al.,  2008;  Simpfendorfer  & 
Kyne,  2009). Several  authors  have  pointed  out  the 
high  potential  risk of extinction for deep-water 
sharks and have confirmed that information is 
still lacking on many of  these  species,  related  to 
both their biological characteristics and 
taxonomic  resolution  (Watson et al., 2004; Morato 
et  al.,  2006;  García  et  al.,  2008;  Simpfendorfer  & 
Kyne, 2009).

Thus, the disentanglement of 
taxonomic uncertainties represents a 
fundamental step in the correct  management  of 
marine resources in general and specifically 
elasmobranchs, as shown by recent studies on 
Squalus blainville Risso, 1827 (Bellodi et al., 
2018)  and  Raja  polystigma  Regan,  1923  (Frodella  et 
al., 2016; Porcu et al., 2020).

Among  the  elasmobranchs,  Centrophorus 
Müller & Henle, 1837 (order Squaliformes: family 
Centrophoridae) is one of the genera with the most 
debated taxonomy (White et al., 2017). This genus 
comprises a group of cosmopolitan deep-sea sharks 
inhabiting the benthopelagic waters of the outer 
continental  shelves  and  upper  continental  slope 
between 50 and 2350 m deep from temperate to tropical 
waters  across  all  oceans  (Compagno,  1984;  Ebert  et 
al., 2013; Veríssimo et al., 2014). In the 
Mediterranean Basin, the species of this genus 
always  carry  only  one  embryo  per  pregnancy,  with 
gestation lasting up to 23 years, followed 
sometimes by a long resting period (Guallart,  1998; 
Guallart & Vicent, 2001). Over 30 nominal species 
have  been  recently  considered  valid  in  this  genus 
(Ebert  et  al.,  2013;  Veríssimo  et  al.,  2014),  but  its 
taxonomy has not been fully unravelled.

A global revision of the genus is still incomplete and 
is difficult due to the high degree of morphological 
similarity  between  several  nominal  taxa;  therefore, 
it  is  urgently  needed  to  assist  the  hard  task  of 
species  discrimination.  The  original  descriptions  of 
the  first  species  currently  included  in  the  genus 
are so poor that we are not sure that they 
actually describe a Centrophorus. In addition, 
several holotypes do not exist or could not be located, 
while others are incomplete and/or  in  poor  condition, 
nullifying  the  comparison  between  original  types  of 
species and problematic specimens (Veríssimo et 
al.,  2014).  Lastly,  some  morphological  diagnostic 
characters  may  vary  with  ontogeny  and,  thus,  in 
many cases, distinct ontogenetic stages of the 
same species may erroneously be considered as 
different species (Guallart et al., 2013; White et al., 
2013,  2017;  Veríssimo  et  al.,  2014).  Add  to  this  a 
long history of confusion, rectifications and mixing of 
data in the definition of characters, then the 
identification difficulties have increased. On the 
whole,  the  lack  of  clear  information  from  original 
descriptions and the absence of well-preserved 
holotypes have compromised 
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the possibility to establish criteria to clearly distinguish 
species with similar morphology and to assign them a 
correct species name (Guallart, 1998; Veríssimo et al., 
2014). This complication represented a limit for the 
correct identification of specimens with implications for 
species conservation and management purposes.

The  studies  performed  in  the  last  few  years  on 
species  in  the  genus  Centrophorus  were  aimed  at 
clarifying  the  taxonomic  ambiguities  between  some 
species (Guallart et al., 2013; White et al., 2013, 2017; 
Veríssimo et al., 2014; Wienerroither et al., 2015). The 
integration  of  molecular  taxonomy  techniques  and 
traditional morphological analyses have allowed us to 
distinguish species that share a similar morphology, 
such as Centrophorus granulosus Bloch & Schneider, 
1801 and C. uyato Rafinesque, 1810 White et al., 2013; 
Veríssimo et al., 2014), previously discriminated mainly 
by their maximum size and size at sexual maturity. 
In the Atlantic Ocean and the Mediterranean Sea, 
these two nominal species were historically identified 
by  using  different  names  for  the  same  species  and 
using the same name for different species (Cadenat & 
Blache, 1981; Muñoz-Chapuli & Ramos, 1989).

In  the  Mediterranean,  both  C.  granulosus  and 
C. uyato  have  been  reported  regularly  (Golani
&  Pisanty,  2000;  Serena,  2005;  Megalofonou  &
Chatzispyrou, 2006; Lteif et al., 2017; ), and were both
included in the Mediterranean shark species list by
Serena (2005), following the precautionary principle.
However, Veríssimo et al. (2014 and references therein)
have suggested the occurrence of a single species in
the basin. In addition, other recent studies, which
employed molecular techniques for the identification
of sharks in the Mediterranean, found a unique species
of Centrophorus, reported as C. uyato (Vella et al.,  
2017) or C. granulosus (Cariani et al., 2017) and more
recently as C. cf. granulosus (Leonetti et al., 2020) or C. 
cf. uyato (Serena et al., 2020).

The  recent  assessment  of  species  diversity  of 
Chondrichthyes  in  the  Mediterranean  Sea  (Serena 
et  al.,  2020)  has  suggested  the  possible  occurrence 
of one valid species and has reiterated the need for 
taxonomic revision of the genus in the area since, to 
date, there is no comprehensive study resolving this 
taxonomic ambiguity. Most of the published works do 
not cover the entire basin and often employ either the 
morphological or the molecular method, but not both, to 
address this taxonomical problem. It has been widely 
demonstrated that the integration of both molecular 
and morphological methods for species identification 
is  more  effective  to  validate  taxonomic  assignment 
(Dayrat, 2005; White & Last, 2012; Ovenden et al., 
2013; Henderson et al., 2016).

This study aims at clarifying the taxonomical 
issue  regarding  the  genus  Centrophorus  in  the 
Mediterranean Sea by combining both morphological 

and  molecular  methods.  Samples  were  collected 
from different localities throughout the basin in 
order to obtain a representative coverage of the 
whole Mediterranean Sea. Sequenced data from 
three mitochondrial markers, cytochrome c oxidase 
subunit I (COI), 16S ribosomal RNA (16S) and NADH 
dehydrogenase subunit 2 (ND2), plus a portion of a 
nuclear 28S ribosomal DNA gene region (28S), were 
obtained and analysed to delineate discrete taxonomic 
units and to assess inter- and intraspecific genetic 
diversity and variability. Furthermore, traditional 
and landmark-based morphometry were employed 
to  assess  potential  morphological  differences 
and  to  provide  useful  diagnostic  characters  for 
the  discrimination  of  species  within  the  genus 
Centrophorus.

MATERIAL AND METHODS

Sampling

A wide network of collaborators was established to 
maximize the geographical coverage of the sampling 
and to collect a total of 281 samples of Centrophorus 
from different Mediterranean and Atlantic locations, 
comprising 13 of the 27 Mediterranean General 
Fisheries  Commission  for  the  Mediterranean 
(GFCM) Geographic Sub Areas (GSA), including some 
African  coastal  areas  (Fig.  1; Table  1;  Supporting 
Information, Table S1). The sampling design covered 
three main areas of the Mediterranean Sea (western 
Mediterranean Sea N = 121; central Mediterranean 
Sea N = 45; eastern Mediterranean Sea N = 5), and 
the central-eastern Atlantic (N = 17) and Indian 
Ocean (N = 3)

All specimens were collected between 2008 and 2019 
during scientific surveys and commercial hauls. Photo 
vouchers were taken for morphological analyses using 
a digital camera and a table stand, when available. In 
each picture, specimens were arranged perpendicular 
to the camera on a uniformly coloured background to 
avoid distortions and a metric unit of measure was 
included. Morphological measurements were recorded 
from  the  obtained  images  following  Compagno 
(2001) and Bellodi et al. (2018). When possible, sex 
and maturity stages were assessed according to the 
scales proposed for viviparous elasmobranchs (Follesa 
et al., 2019a). Muscle tissue samples were collected 
and  stored  at  –20  °C  in  96%  ethanol  prior  to  the 
genetic  analyses.  Sampling  information  and  other 
data associated with each specimen are presented in 
the Supporting Information, Table S1. Additionally, 
specimens  and  data  collected  were  uploaded  to  the 
Barcode  of  Life  Data  system  (BOLD,  http://www.  
barcodinglife.org; Ratnasingham & Hebert, 2007).
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m olecular  analySiS

Details of the protocols used for DNA extraction, 
polymerase chain reaction (PCR) amplification and 
DNA sequencing of mitochondrial markers, 
are  provided in the Supporting Information, Text S1.

The trace files obtained were checked and manually 
edited in MEGA v.X (Kumar et al., 2016). 
Subsequently, the  sequences  were  aligned  using 
the ClustalW multiple sequence alignment 
algorithm  (Thompson et  al.,  1994).  Mitochondrial 
coding gene sequences 

Figure 1.  Map of GSAs and FAO regions showing the sampling areas. Red colour highlights the geographical areas 
included in the sampling design.
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(COI and ND2) were translated into protein sequences 
using MEGA, to check the presence of stop codons. 
Sequence data were uploaded to the BOLD system. 
Haplotypes for individual markers were retrieved 
using DnaSP v.6.12 (Rozas et al., 2017) and deposited 
in GenBank (Accession numbers CR: XXX; COI: XXX; 
ND2: XXX; 28S XXX).

Because the partition homogeneity test implemented 
in PAUP* v.4b10 (Swofford, 2002) indicated 
that  the  different  fragments  did  not  significantly 
differ in their phylogenetic signal (P = 0.98), the 
three mtDNA markers were analysed both 
separately and  concatenated.  The  concatenation 
approach was used because of its presumed 
statistical advantages (Gadagkar et al., 2005). 
The relationships among haplotypes were 
investigated  using  Haploviewer  (Salzburger et al., 
2011).

The  Mediterranean  haplotypes  were  analysed 
using three approaches: neighbour-joining 
(henceforth NJ, implemented in MEGA), 
Bayesian inference (henceforth BI, using the 
MrBayes v.3.2.7 software; Ronquist et al., 2012), and 
maximum  likelihood  method  (henceforth  ML,  with 
PhyML;  Guindon  et  al.,  2010).  The  support  of  the 
phylogenetic reconstruction was assessed with 1000 
bootstrap replications (Felsenstein, 1985) for NJ and 
ML,  and  with  2  million  iterations  of  the  Markov 
chain  Monte  Carlo  (MCMC)  chains,  with  the  first 
25% of chains discarded as burn-in for the BI. The 
optimal evolutionary model was selected by the 
software jModelTest v.2.1.10 (Guindon & Gascuel, 
2003; Darriba et al., 2012) based on the corrected 
Akaike information criterion (AICc), and it was 
then employed for the analyses.

To estimate the occurrence of population structuring 
in the Mediterranean, the software ARLEQUIN 
v.3.5  (Excoffier  &  Lischer,  2010)  was  used  for  the
analysis  of  molecular  variance  (AMOVA)  using
the  TN93  model  (Tamura  &  Nei,  1993)  as  the
closest model implemented  in  ARLEQUIN  to  the
HKY, which is the optimal evolutionary model
identified by jModelTest.

For the COI sequences, barcodes index 
numbers (BIN) were generated automatically on 
BOLD using the ‘refined single linkage (RESL) 
analysis’. This is a three-step algorithm that 
incorporates all available COI sequences and 
clusters  them  according  to  maximum  values  of 
intraspecific variation specific to orders and families 
(Ratnasingham & Hebert, 2013).

Additional sequences for the genus Centrophorus 
mined from online databases, such as BOLD 
and GenBank (http://www.ncbi.nlm.nih.gov/
genbank/), were added to the alignments, 
including  sequences  from  different  species  of  the 
genus Deania Jordan & Snyder, 1902 used as 
outgroups for the phylogenetic tree construction 
(refer  to  the  Supporting  Information,  Tables  S2–S4 
for  sequence  information).  The  names  of  taxa  in 
the trees are in accordance with Fricke et  al. 
(2021).

To assess the reliability of the sequences 
to discriminate  among  presumptive  species,  the  so-
called  ‘barcoding gap approach’ was applied. The 
occurrence of a distinct gap between intraspecific and 
interspecific variability (Collins & Cruickshank, 2013) 
was checked by  plotting  the  maximum  intraspecific 
distance  (MI)  against  the  distance  to  the  nearest 
neighbour (NN) for  each  putative  species  (Collins 
&  Cruickshank,  2013);  MI  and  NN  distances  were 
calculated using the 
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Table 1.  Details of specimens sampled per area. N = total number of specimens collected per location. Field assigned 
species = species assigned in the field. The number of specimens assigned to each species is reported in brackets

Area Location N Field assigned species

W Med GSA 1 N = 7 Centrophorussp.
W Med GSA 4 N = 18 C. granulosus (14) C. uyato (4)
W Med GSA 5 N = 8 Centrophorus sp. (5) C. granulosus (3)
W Med GSA 6 N = 3 Centrophorussp.
W Med GSA 7 N = 7 Centrophorussp.
W Med GSA 9 N = 14 C. granulosus
W Med GSA 10 N = 4 C. granulosus
W Med GSA 11 N = 150 C. granulosus
C Med GSA 16 N = 24 C. granulosus
C Med GSA 17 N = 1 C. uyato
C Med GSA 19 N = 1 C. granulosus
E Med GSA 20 N = 19 C. granulosus
E Med GSA 25 N = 5 C. granulosus
CE Atlantic FAO 34.1.32 N = 17 Centrophorus sp. (2) C. granulosus (5)C. squamosus(10)
Indian FAO 47.2.1 N = 3 C. squamosus
TOTAL N = 281
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Kimura’s two-parameter (K2P; Kimura, 1980) 
model  with  the  R  package  SPIDER  v.1.5  (Brown  et 
al., 2012). Principal coordinates analysis (PCoA) was 
performed with SPIDER based on the K2P 
genetic distance matrix using the function 
ordinDNA().

Considering  that  BIN  cannot  be  obtained  for 
sequences other than COI in BOLD and given that 
the 2.2% threshold used by BOLD (Ratnasingham 
& Hebert, 2013) is often not the most 
appropriate threshold for every reference 
dataset, especially when there are unsampled 
species, identification success can be increased if a 
better  threshold  is  used  (Meyer  &  Paulay,  2005). 
Here, we used the function threshOpt() 
implemented  in  SPIDER  to  perform  this  analysis, 
following  the  author’s  tutorial  indications  (Brown 
& Collins, 2011). The function returned the 
number of true-positive, false-negative, false-
positive  and  true-negative  identifications  at  a  given 
threshold, and it allowed us to calculate the 
optimum threshold value that minimizes errors (FP 
the false-positive-no conspecific matches within 
threshold of query and FN false-negative 
identifications-non-conspecific species within 
threshold distance of query, i.e. the cumulative error). 
Once the optimal threshold had been identified, it was 
used with the species delimitation method ‘best close 
match analysis’ (henceforth BCMA, Meier et al., 
2006) performed in SPIDER. BCMA is slightly different 
from the RESL method because it only operates upon 
the  single  nearest-neighbour  match,  rather  than  on 
all  matches  within  the  threshold  (Brown  &  Collins, 
2011). To perform the BCMA, sequences were 
provisionally attributed to different putative 
molecular operational taxonomic units (MOTU) based 
on  their  morphological  features,  their  placement  in 
highly  supported  branches  in  the  trees  and/or  the 
BIN  attribution  by  BOLD  (for  the  COI  sequences 
only).

As an alternative to the ‘distance-based’ 
approach, the ‘character-based’ DNA barcoding 
approach was also used, in which species are 
identified through the presence or absence of discrete 
nucleotide  substitutions  (character  states)  within  a 
DNA  sequence  (Rach et  al., 2008). The list of private 
diagnostic nucleotides for each species (i.e. those 
nucleotides that are fixed within species and  different 
from  all  other  species)  was  obtained  using  SPIDER’s 
function ‘nucDiag’ based on the procedure described 
in Sarkar et al. (2008). They can be used as 
diagnostic  characters  that  allow  for  unambiguous 
identification of species or diagnostic entities.

m orphological  meaSureS  and  geometric  
morphometricS

Because most of the available sample images were 
lateral, traditional morphometric analyses were first 
performed considering 28 somatic 
measurements,  including  the  21  measurements 
described  as  a 

discriminant for species identification in the genus 
Centrophorus by Veríssimo et al. (2014). 
Measurements were  taken  using  the  free  software 
tpsDig2 v.2.31 (Rohlf, 2015). For each digitized 
picture, a scale factor was set employing the unit of 
the measure included in the picture. All 
measurements were expressed in centimetres, 
and names and abbreviations were defined 
according to Veríssimo et al. (2014; Supporting 
Information, Fig. S1). Raw measurements for 
each  individual were expressed in percentages of total 
length (TL). Total length was defined as the distance 
between snout tip and the projection of the caudal fin 
posterior margin when in a natural position. On the 
contrary, other characters suggested by recent 
publications  (White et  al.,  2013, 2017; Veríssimo et 
al., 2014), such as dermal denticles and teeth shape, 
were not used in this study, because the only 
material  available  from  many  areas  was  comprised 
of photos of the entire body and it was impossible to 
directly  inspect  most  of  the  specimens. A specific a 
priori  hypothesis  was  defined  before  computing  the 
similarity  matrix  based  on  the  Euclidean  distance. 
We hypothesized that the different species of 
Centrophorus were characterized by different 
morphological parameters. Therefore, all 
specimens were classified according to the molecular 
assignment when available. Once the hypothesis was 
established, a canonical analysis of principal 
coordinates  (CAP)  routine  was  performed  with  the 
PRIMER  v.7  software  (Clarke  &  Gorley,  2015)  on 
the similarity matrices previously computed to test 
the  hypothesis.  The  CAP  analysis resulted in a 
plot  representing  groups  of  multivariate points by 
reference to a predetermined a  priori  hypothesis 
and in cross-validation confirming or not the a priori 
classification of species. Using the same software, a 
SIMilarity  PERcentages  (SIMPER)  analysis was 
performed to investigate which morphometric 
measurements were mostly responsible for the 
definition of the groups. An additional 49 
Mediterranean individuals without any molecular 
data  were  also  available.  For  this  reason,  their  a 
priori classification was impossible and hence 
they were excluded from the main analysis. 
However, they were morphologically identified a 
posteriori by checking their distribution in a 
secondary CAP scatterplot.

We integrated traditional morphometric 
analyses with geometric morphometry to 
investigate  in-depth  the morphological variation 
in the Mediterranean samples of 
Centrophorus. Landmarks-based techniques, 
being based on shape instead of linear 
measurements, allow us to highlight different 
sources of phenotypic variation among species 
(Schmieder et al., 2015; Guillaud et al., 2016; Wilke 
et  al.,  2016;  Boroni  et  al.,  2017;  Ibáñez  &  Jawad, 
2018).

Geometric morphometric analyses were undertaken 
on  the  first  and  the  second  dorsal  and  on  the 
caudal fins (D1, D2 and C, respectively), 
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these structures are stiff enough to maintain their 
shape in dead specimens and also because of their 
functional importance. A total of 105 caudal fins, 
46 first dorsal fins and 50 second dorsal fins were 
considered appropriate for this analysis from the pool 
of specimens sampled. The selection of landmarks 
on these structures was relatively straightforward 
because of their fundamental two-dimensionality.

TPS files were created to store all usable images 
using tpsUtil v.1.76 (Rohlf, 2015). For each 
specimen and structure, five landmarks were 
positioned  on  D1  and  D2,  while  seven  landmarks 
were positioned on C (Supporting Information, 
Fig. S2). All landmarks were digitized using 
tpsDig2 v.2.31 (Rohlf, 2015). For each specimen, 
landmarks were positioned twice to reduce possible 
positioning errors. Using the software MorphoJ 
v.1.06  (Klingenberg,  2011),  the  average  of  the  two
measurements was computed. The resulting
coordinates  were  analysed  with  MorphoJ  after  a
Procrustes transformation (Rohlf, 1999). The 
Procrustes transformation rotates, translates and
scales  all  images  to obtain a final superimposed
image  that  allows  the comparison of all landmark
configurations.  The  repeatability  of  the  landmark
was  checked  through  a  scatterplot, and a covariance 
matrix was then generated.

Principal component analysis (PCA) was 
performed with MorphoJ to visualize the 
interindividual  variation  of  each  structure  (D1,  D2 
and C) in the set of samples. Procrustes ANOVA tests 
were conducted to investigate significant differences in 
terms of shape and size of the centroid among 
species. The differences among taxa were also 
investigated  using  the  canonical  variates  analysis 
(CVA)  that  maximizes  the  separation  between  the 
groups (species in this case) defined a priori 
according to the genetic hypothesis. A 
permutation test of 10 000 replications was 
employed  to  determine  the  statistical  significance 
of  pairwise  differences  using Procrustes distances. 
Finally, the percentage of classification/
misclassification was calculated through a 
discriminant function analysis (DFA) computed 
on 10 000 permutations between the pairs of groups 
(species) defined a priori. To evaluate the 
occurrence of sex-based and ontogenetic 
morphological  variation,  intraspecific  analyses  were 
performed on a subset of samples. Intraspecific 
differences between sexes were investigated through 
PCAs  and  Procrustes  ANOVAs.  Furthermore,  two 
regression models were performed plotting the 
centroid  size  and  the  shape  scores  against  the TL of 
the specimen to verify the presence of allometry.

RESULTS

n ew  Sequence  data

The  collaborative  research  network  enabled  the 
implementation of the BOLD dataset ‘Gulper sharks 

in the Mediterranean Sea’ (Code DS-GULPMED), 
which currently includes a total of 232 specimens. All 
specimens have been successfully processed for DNA 
extraction, but some failed to provide sequence data 
for one or several fragments. Details of the 
individuals  sequenced are summarized in the 
Supporting Information, Table S1.

A total of 208 individuals have been successfully 
sequenced for the three mitochondrial fragments. The 
ND2 fragment is the most variable with a total of 34 
haplotypes, whereas COI and 16S sequences revealed 
13  haplotypes  each.  Final  alignment  of  2146  bp 
was obtained by concatenating the sequences (16S: 
527 bp, COI: 588 bp and ND2: 1031 bp), for a total of 
54 haplotypes (Supporting Information, Table S5). 
The networks for the single markers (data not shown) 
and for the concatenated sequences (Fig. 2) show the 
occurrence of three groups of haplotypes, separated 
by tens of mutations, corresponding to three putative 
distinct species. The largest group of haplotypes, 
Group 1, encompasses 38 out of 54 haplotypes derived 
from all Mediterranean sharks and four individuals 
caught in Mauritania (CE Atlantic). Within this group, 
the analysis highlights the occurrence of a principal 
haplotype (H1), which is shared among 66 sequences 
(32%) from all the locations, except from the Atlantic 
samples,  which  have  private  haplotypes.  In  the 
Mediterranean, several other private haplotypes are 
present, as well as shared haplotypes among western, 
central  and  eastern  locations,  without  any  clear 
geographical segregation. The AMOVA confirms the 
lack of structure (genetic differentiation) both overall 
(Φ = 0.003, P = 0.4) and among the Mediterranean sub-
basins (Φ = 0.008, P = 0.4).

The second and the third group of haplotypes have 
been found only in Mauritania (Group 2), and in 
Mauritania + South Africa (Group 3). Within the three 
groups, there is little variability (from 0.09 to 0.22% 
nucleotide site differences), while the differences among 
groups are higher (range 3.44.4% site differences), 
with the distance between Groups 1 and 2 being the 
highest.  The  optimal  evolutionary  model  HKY+I
+G  (p-inv = 0.72, gamma shape = 0.63; Hasegawa et al., 
1985) was  used  to  build  the  evolutionary  trees.  The
NJ,  ML  and  BI  highlight  the  occurrence  of  three
monophyletic clades supported by 99–100% bootstrap
and  posterior  probabilities  values  (data  not  shown).
The nuclear 28S sequences have been initially
amplified in a subset of samples (N = 127) and show
low  variability:  a  total  of  3  bp  differences  out  of  a
total  of  304  bp.  They  allow  us  to  identify  the  three
groups, with 2 bp fixed differences among  them  and
no variability within them. Given their scarce
informative  power,  28S  sequence  data  have  not  been
obtained for the whole dataset.

From a molecular point of view, groups are clearly 
differentiated. Nevertheless, Groups 1 and 2 contain 
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specimens  assigned  in  field  to  different  putative 
morphological species (C. granulosus, Centrophorus 
sp. and C. uyato; see Supporting 
Information,  Table  S1),  while  Group  3  contains 
only specimens ‘morphologically’ assigned to 
Centrophorus squamosus Bonnaterre, 1788. To 
resolve  this  uncertainty,  our  sequences  have  been 
compared with public sequences mined from 
GenBank and BOLD.

c ompariSonS  with  depoSited  public  SequenceS

Unfortunately, the three fragments used in this study 
had never been obtained together for any specimen 
previously analysed, therefore our sequences could 
only  be  compared  with  the  public  sequences  as 
single fragments and not as concatenated 
sequences. Here, a total of 224, 228 and 214 
sequences  have  been  obtained  for  COI,  16S  and 
ND2, respectively (Supporting Information, Tables 
S2–S4).  They  have  been  added  to  the  homologous 
sequences  deposited  for  the  genera  Centrophorus 
and  Deania  in  public  sequence  repositories,  for  a 
total  of  555  COI  (560  bp  long;  90  haplotypes),  259 
ND2 (1027 bp; 60 haplotypes) and  274  16S  (502  bp; 
30 haplotypes) sequences. For  all  three  genes, 
the  barcode  gap  exists  for  each  species,  meaning 
that  the  genetic  distance  between  each  conspecific 
individual was smaller than to any allospecific 
individual  (Fig.  3).  This  gap  is  wider  in  ND2, 
followed by COI and narrow for the 16S 
sequences;  these  differences  are  clearly  visible  in 
the PCoA plots (Supporting Information, Fig. S3).

Concerning COI sequences, among the sequences 
deposited  as  Centrophorus  or  Deania  (family 
Centrophoridae), some are notably divergent and 
belong to two different shark families (Squalidae and 

Etmopteridae); they have been used as outgroups to 
root the trees. Excluding the outgroups, the BOLD 
system assigned COI sequences to 14 BINs, ten of 
which were for the genus Centrophorus. Concordantly, 
the NJ, ML and BI trees clustered 208 out of 224 of our 
sequences in a strongly supported clade identified by 
the  BOLD  system  as  BIN  AAB4327,  ascribable  to 
Clade A sensu Veríssimo et al. (2014) and 
corresponding to Group 1 of the concatenated 
sequences.  In  this  same  clade, an additional 99 
sequences (ten haplotypes) have been found 
from specimens collected in a wide 
geographical range, encompassing the whole 
Mediterranean Sea and almost all oceans (Atlantic, 
Indian  and  Pacific  Oceans;  for  details  see  Fig.  4 
and  the  Supporting  Information,  Table  S2  and  Figs 
S4, S5). Also, 13 of our COI sequences clustered in a 
strongly  supported  monophyletic  clade  identified  by 
the  BOLD  system  as  BIN  AAB6688,  ascribable  to 
Clade E sensu Veríssimo et al. (2014) and 
corresponding to Group 3 of the concatenated 
sequences (Fig. 4; Supporting Information, Figs S4, 
S5). In this same clade, 36 other sequences (12 
haplotypes)  are  placed  from  specimens  collected  in 
three  oceans  (Atlantic,  Indian  and  Pacific  Oceans) 
and only one sampled in the most western part  of 
the Mediterranean (Algeria; Table S2). The 
remaining three of our COI sequences clustered in 
a strongly supported clade identified by the BOLD 
system as BIN ABZ3018, ascribable to Clade 
D  sensu Veríssimo et al. (2014) and corresponding 
to  Group  2  of  the  concatenated  sequences  (Fig.  4, 
S4, S5).  In  this  same  clade,  another  48  sequences 
(ten haplotypes) have been found belonging to 
specimens  collected in three oceans (Atlantic, 
Indian and Pacific Oceans), but not in the 
Mediterranean Sea (Supporting Information, 
Table S2). Following the 

Figure 2.  Median joining network of the haplotypes for the concatenated fragments. The circle size is proportional to the 
frequency of each haplotype, the segments represent one mutational event.
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nomenclature adopted by Veríssimo et al. (2014) and 
White  et  al.  (2013,  2017),  specimens  in  Clades  A, 
D and E are attributed to the nominal species C. cf. 
uyato, C. granulosus and C. squamosus, respectively. 
A unique BIN (ACS4629) has been assigned to Clade 
B sensu Veríssimo et al. (2014), even if the sequences 
are clustered in two distinct, well-supported lineages, 
corresponding  to  two  distinct  species:  the  newly 
described Centrophorus leislei White et al. (2017) and 
the still undescribed Centrophorus sp. 1 from the Gulf 
of Mexico (Veríssimo et al., 2014). Similarly, Clade C 
sensu Veríssimo et al. (2014) corresponds to a single 
BIN (AAB4328), but contained two close species of 
long-snouted gulper sharks, Centrophorus harrissoni 
McCulloch, 1915 and Centrophorus isodon Chu et al., 
1981. The opposite is true for Clade E, in which two 
BINs were assigned to sequences that in the trees 
appear in the same lineage, and for Clade H in which 
separate BINs cluster together. Finally, sequences from 
Deania quadrispinosa McCulloch, 1915 appear in two 
well-supported branches (Clades L and M), assigned 
to two BINs, suggesting the possible occurrence of 
cryptic taxa.

According  to  the  BCMA  analysis,  the  optimal 
threshold estimation for COI sequences results in a 
nucleotide distance value of 0.5%, with an associated 
cumulative error of three (FN = 0; FP = 3). Using this 
threshold, BCMA results confirm that, despite being 
assigned to two BINs, MOTU7 (originally classified as 
C. cf. squamosus) is indistinguishable from MOTU 6

(C. squamosus) in Clade E, the same for MOTU 9 
(C. cf. isodon) and MOTU 10 (C. harrissoni) in C, and 
MOTU16/MOTU17 in H (Centrophorus atromarginatus 
Garman, 1913).

Similar results have been obtained with the 16S 
sequences in which our sequences cluster in three 
distinct well-supported clades: all our Mediterranean 

sequences are together in the abovementioned Clade 
A of Veríssimo et al. (2014), the South African sequences 
in Clade E, whereas the sequences from Mauritania 
are found in the three different clades: Clades A, D and 
E (Fig. 5; Supporting Information, Fgs S6, S7).

The optimal threshold identified through the BCMA 
analysis for the 16S sequences results in a nucleotide 
distance value of 0.4%, with an associated cumulative 
error of four (FN = 0; FP = 4). Using this threshold, 
all  the  MOTUs  corresponding  to  morphologically 
described species are recognized, except for MOTU 2 
(originally  deposited  as  Centrophorus  lusitanicus 
Barbosa du Bocage & de Brito Capello, 1864), which 
is  indistinguishable  from  MOTU 1  (C.  squamosus), 
and MOTU 3 (haplotype shared between C. isodon and 
harrissoni), which is indistinguishable from MOTU 4 
(Centrophorus sp. 1).

ND2 provides similar outputs: our sequences cluster 
in  three  well-supported  clades  (Fig.  6;  Supporting 
Information, Figs S8, S9), along with ND2 sequences 
from  specimens  attributed  to  C.  uyato,  ‘true’ 
C. granulosus and C. squamosus by White et al. (2017). 
The optimal threshold identified through the BCMA
analysis for ND2 sequences, results in a nucleotide
distance value of 0.8%, with an associated cumulative
error  of  zero  (FN  =  0;  FP  =  0),  meaning  that  all
MOTUs shown in Figure 6 are recognized as separate,
indicating  a  possible  subdivision  of  Centrophorus
longipinnis White et al., 2017 and D. quadrispinosa.

d iagnoStic  characterS

In  the  Supporting  Information,  Table  S6  shows 
the  diagnostic  character  states  of  the  investigated 
gene regions. In general, many molecular diagnostic 
characters are found when only our newly generated 
sequences are used. The highest number of diagnostic 

Figure 3.  Comparison of NN (nearest neighbour or minimum interspecific distance) and maximum intraspecific distances 
for the different gene fragments. Equal intra- and interspecific variation is marked by the black line. Points above the black 
line indicate ‘species’ with ‘barcode gaps’.
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characters was found for ND2 and the lowest for 28S, 
but in any case, the clear discrimination of the three 
species of Centrophoridae under investigation can be 
achieved through a character-based DNA barcoding 
approach. When shortening these sequences to include 
additional public sequences and species in the analyses, 
the number of diagnostic characters decreases. Species-
specific sites are always identified in ND2, while COI 
and 16S fail to provide suitable diagnostic characters 
for a few taxa (Supporting Information, Table S7).

m orphometric  aSSeSSment

A matrix of 122 specimens with 28 body measurements 
expressed in %TL (Supporting Information, Table S8) 
was obtained for morphometric analyses. The 122 
specimens have been a priori classified according to 
the molecular results as follows: 109 samples as C. cf. 
uyato, ten as C. squamosus and three as C. granulosus. 

The plot obtained from the CAP analysis shows clear 
segregation among C. cf. uyato and C. squamosus groups, 
whereas the specimens classified as C. granulosus 

Figure 4.  Bayesian phylogenetic tree of the COI haplotypes. Near the nodes are the support values, shown as posterior 
probability. In red the haplotypes from individuals sequenced in the present study. On the right of the tree, the assigned 
OTU, the BIN, the Clade identified by the BCMA analysis, as well as the putative nominal species are indicated.
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lay in between (Fig. 7). The C. cf. uyato specimens 
caught in Atlantic waters are slightly displaced 
from the main group, with their data points located 
at the margin of the cloud, oriented towards the other 
species groups (Fig. 7). The cross-validation 
confirms the graphic output, reporting a high 
percentage of correct 

assignment of 96.7% (118/122). Consequently, only 
four individuals out of 122 have been 
misclassified (3.3%; Supporting Information, 
Table  S9).  Among  groups,  all  ten  C.  squamosus 
specimens are always correctly identified, while 
only two of 109 specimens a priori classified as C. cf. 
uyato have been attributed 

Figure 5.  Bayesian phylogenetic tree of the 16S haplotypes. Near the nodes are the support values, shown as posterior 
probability. In red the haplotypes from individuals sequenced in the present study. On the right of the tree the assigned 
OTU and the Clade identified by the BCMA analysis, as well as the putative nominal species are indicated.
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12 B. ANDREA ET AL.

to C. granulosus. The highest misidentification rates 
are found in the C. granulosus group, where two of the 
three individuals are misclassified as C. cf. uyato and 
only one is correctly grouped.

The SIMPER analysis at intraspecific level reveals 
that about 50% of the average group similarity is due 

to the same eight body-length measurements, and in 
the same order of importance: FL, PD2, PP2, PD1, IDS, 
HDL,  PG1  and  CDM,  with  the  only  exception  of  C. 
cf. uyato in which PG1 and CDM are inverted 
(Supporting Information, Table S10). For each 
shark  group,  the  mean values of the measurements 
(± SD) are reported 

Figure 6.  Bayesian phylogenetic tree of the ND2 haplotypes. Near the nodes are the support values, shown as posterior 
probability. In red the haplotypes from individuals sequenced in the present study. On the right of the tree the assigned 
OTU and the Clade identified by the BCMA analysis, as well as the putative nominal species are indicated.
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in  (Table  2).  A  secondary  CAP  analysis,  computed 
to morphologically identify the further 49 
Mediterranean individuals without molecular 
data, displayed an overlapped distribution of 
these specimens with the other Mediterranean 
samples classified as C. cf. uyato (Supporting 
Information, Fig. S10; Tables S8, S9).

The  most  important  measurement  responsible 
for interspecific differences is the pectoral fin inner 
margin (P1I), which appears as the major factor 
in discriminating C. squamosus from the 
other  groups  (SIMPER  Contrib%  =  13.45  and 
11.02 with C. cf. uyato and C. granulosus, 
respectively) (Supporting Information, Table 
S10). Concerning other measurements that 
contribute to the observed differences among groups, 
the scenario is various, with several different 
measurements contributing with similar 
percentages  (Supporting  Information,  Table  S10). 
The  D1  Base  (D1B:  SIMPER  Contrib%  =  6.00)  is 
the  main  source  of  difference  between  the  C.  cf. 
uyato  and  C.  granulosus  groups,  followed  by  two 
body length measurements: fork length (FL: 
SIMPER Contrib% = 5.91) and pre-pelvic length 
(PP2: SIMPER Contrib%  = 5.01; Table S10).

In relation to the geometric morphometric analyses 
carried out on the three structures (C caudal fin, 
D1 first dorsal and D2 second dorsal), the 
PCAs  performed show that the first two components 
account, respectively, for 62.77%, 71.57% and 
73.59% of the variance, whereas the amount of 
variance explained by the first three components is of 
77.96%, 87.23% and 86.77%, respectively (Fig. 8).

When comparing the measurements of the caudal 
fins, the Procrustes ANOVA highlighted significant 
differences  among  species  in  terms  of  shape 
(P < 0.001), but no difference in the size of the centroid. 
On the contrary, the same analysis performed on the 
dorsal fins showed significant interspecific differences 
both in terms of centroid size and shape for the first 
(P = 0.006; P < 0.001) and the second dorsal fins 
(P = 0.013; P < 0.001).

Intraspecific analyses have been performed on a 
subset sample of 93 caudal fins, 37 first dorsal fins 
and 41 second dorsal fins belonging to specimens 
molecularly identified as C. cf. uyato. In the three 
PCAs performed, the first two components account for 
the 64.22%, 63.44% and 69.20% of variance, whereas 
the first three components explain the 79.99%, 84.79% 
and  86.36%  of  variance,  respectively  (Supporting 
Information, Fig. S11).

Procrustes  ANOVAs  performed  on  the  three  fins 
did  not  show  any  significant  differences  in  terms 
of  both  centroid  size  and  shape  between  the  sexes 
(P > 0.05). The CVA plots obtained for C, D1 and D2 
showed a clear separation of C. squamosus from the 
other groups and a subtler differentiation between C. 
cf. uyato and C. granulosus (Supporting Information, 
Fig. S12). Procrustes distances among the groups were 
significantly different in the pairwise comparisons 
between C. squamosus and both C. cf. uyato and 
C. granulosus (P < 0.05), but not for those between  
C. cf. uyato and C. granulosus. These results were, in  
part, confirmed by the discriminant function outputs

Figure 7.  Analysis of principal coordinates (CAP) scatterplot representing the morphometric differences observed among 
the species resulted from the genetic analyses. Specimens of Centrophorus cf. uyato collected in the Atlantic Ocean are 
circled in red.
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Figure 8.  Principal component analysis (PCA) conducted 
on caudal fin (A), first dorsal fin (B) and second dorsal fin (C) 
landmarks. Blue, pink and red dots represent, respectively, 
Centrophorus cf. uyato, Centrophorus granulosus and 
Centrophorus squamosus samples.

reporting significant differences (P < 0.05) in Procrustes 
distance means computed between C. cf. uyato and 
C. granulosus and C. cf. uyato and C. squamosus  
for what concerns C, and between C. cf. uyato and  
C. squamosus and C. granulosus and C. squamosus  
for D1 and D2. In all other pairwise comparisons, the 
difference was not significant. According to the shape 
of C, D1 and D2, samples were correctly classified in 
their species 95.7%, 86.5% and 85% of the time for C. 
cf. uyato, 83.3%, 100% and 75% for C. granulosus and 
94.4%, 100% and 100% for C. squamosus respectively 
(Supporting Information, Table S11).
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The regression models performed to verify the 
presence of ontogenetic allometry showed a significant 
relationship between the centroid size and the TL, 
both for the caudal (P < 0.001; r 2 = 0.87) and for the 
first (P < 0.001; r 2 = 0.81) and the second dorsal fins 
(P < 0.001; r2 = 0.69) (Supporting Information, 
Fig.  S13).  The  relation  between  the  shape  and  the 
TL was significant for the caudal (P < 0.001; r2 = 0.25), 
the  first  dorsal  (P  value  =  0.009;  r2  =  0.92)  and  the 
second  dorsal  fins  as  well  (P-value  =  0.0001;  r 2  = 
0.20) (Supporting Information, Fig. S14).

DISCUSSION

The  present  study  was  conceived  to  clarify  the 
taxonomic uncertainty associated with the genus 
Centrophorus throughout the Mediterranean Sea, 
integrating molecular and morphological methods.

n ew  genetic  data  for  C entrophorus  in  the  
m editerranean  S ea

The present work complements the ELASMOMED 
DNA barcode reference library for chondrichthyans 
in the Mediterranean Sea compiled by Cariani et al. 
(2017). Regarding species of Centrophorus, the 
library was based only on 12 sequences from 
individuals  caught in four areas (Sardinia, Algeria, 
Sicily  and  the  Ionian  Sea),  whereas  here  the  new 
DNA data cover the whole basin, with an additional 
nine Mediterranean GSAs and some new 
locations in the Atlantic (Mauritania) and 
Indian Oceans (South Africa). More Mediterranean 
sequences,  retrieved  from  fromer  studies [Malta: 
GSA15 in Vella  et al. (2017)] and public repositories 
(Israel: GSA27, unpublished sequences; see 
Supporting  Information,  Tables  S2–S4  for  details), 
were analysed and compared. Moreover, DNA 
barcodes were obtained not only for the COI 
sequences, but also for three additional genes 
(two mitochondrial, the 16S and ND2, and the 
nuclear  28S)  to  capture  as  much  genetic  variation 
as possible in the area and to increase the 
resolutive power of the genetic data. Previous 
studies mainly used a single marker COI (Ward et 
al.,  2005,  2008;  Moura  et  al.,  2008,  2015; Wong et 
al.,  2009;  Costa  et  al.,  2012;  Sanjuán  et  al.,  2012; 
Wienerroither et al., 2015; Chuang et al., 2016; 
Bineesh et al., 2017; Cariani et al., 2017; Rodríguez-
Cabello et al., 2020), 16S (Douady et al., 2003; Daley 
et al., 2012) or ND2 (Naylor et al., 2012a, b; Straube 
et  al.,  2013;  White  et  al.,  2013,  2017;  Fernando  et 
al., 2019). In a few cases 16S + COI (Straube et al., 
2010; Veríssimo et al., 2014) or COI + ND2 data (Vella 
et al.,  2017; Ramírez-Amaro et al., 2018) were 
combined.  Sequenced  data  for  28S  are  obtained 
for the first time  in  this  study.  Our  results  are 
further supported 

by analyses of genetic distance, maximum likelihood 
and Bayesian inference, combined with different 
species delimitation approaches (distance-based vs. 
character-based).

The results from multiple markers, evaluated both 
separately and concatenated, consistently indicate 
that all Mediterranean specimens cluster in a unique 
group  (Group  1,  Clade  A,  Figs  2, 4–6).  This  batch 
of individuals is clearly separated by tens of 
mutations from the two other clusters composed only 
by the non-Mediterranean  specimens  (CE  Atlantic 
and  Indian  Oceans) (Groups 2 and 3, Clades D and 
E, Figs 2, 4–6).

The  occurrence  of  common  shared  haplotypes 
among western, central and eastern locations of the 
Mediterranean Sea suggests the lack of significant 
genetic differentiation among sites and corroborates 
the hypothesis of a lack of geographic segregation 
in the region. In Clade A, some haplotypes 
were shared  across  wider  geographic  ranges;  for 
instance, the same haplotypes (e.g. COI_H1, 
ND2_H1,  16SH1  and  16SH2)  occurred  in  not  only 
the Mediterranean Sea,  but  also  in  the  Atlantic, 
Indian and Pacific Oceans. Haplotype sharing 
among conspecifics can indicate that several 
allopatric populations are, in fact, part of a 
cosmopolitan species, characterized by significant 
gene-flow (Moura et al., 2008). The genetic similarity 
could be explained by a reduction in the molecular 
evolution  rate  in  this  taxon,  possibly  due  to  long 
generation times associated with the extreme 
longevity of these organisms. Moreover, the 
existence of deep-water marine superhighways may 
facilitate long-distance movement and the 
connectivity across wide ranges (Moura et al., 2008, 
2015;  Naylor  et  al.,  2012b;  Veríssimo  et  al.,  2012; 
Bineesh et al., 2017). However, the sharing of 
haplotypes among distant locations could be 
the consequence of limited resolution of the 
examined  genes  at  the  intraspecific  level (Moura et 
al., 2008).

Our current genetic results clearly support the 
hypothesis  of  a  single  species  of  Centrophorus 
inhabiting the Mediterranean waters. This 
was  suggested by several authors in the past, but 
never  objectively  verified  with  a  broader  sampling 
(White et al., 2013; Veríssimo et al., 2014; Cariani et 
al., 2017; Vella et al., 2017; and references therein). 
Over  the  years,  this  Mediterranean  taxon  has  been 
reported in papers and fishery statistics under 
different scientific names, creating confusion and 
raising the doubt that more than one species occurs in 
the Basin. In their work, Guallart  &  Vicent  (2001) 
proposed that the studied species be referred to as 
Centrophorus  granulosus (Bloch & Schneider 1801, 
sensu Müller & Henle 1839), pending the revision of 
the International Commission on Zoological 
Nomenclature (ICZN). Later, several authors 
argued that it was advisable to use a different name 
combination for individuals of Mediterranean 
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origin (for a detailed discussion see: White et al., 2013, 
2017; Verissimo et al., 2014, Vella et al., 2017). However, 
even in recent publications, the name C. granulosus 
(Cariani et al., 2017; Ramírez-Amaro et al., 2020) or 
C. cf. granulosus (Follesa et al., 2019b; Leonetti et al.,  
2020) was used to indicate the common Mediterranean 
gulper sharks, applying the precautionary principle.  
In some of our earlier publications (Cariani et al, 2017, 
Follesa et al., 2019b), we also reported the possible  
occurrence in the Mediterranean Sea of two different  
species, with the majority of individuals ascribed to  
C. granulosus and a few individuals reported under  
a different name (C. uyato), based merely on their  
original  morphological  identification  in  the  field,  
which could not be tested (confirmed or disproved)  
by genetic tools. However, we are fully aware that the  
identification by non-taxonomists, especially during  
fishery monitoring activities on-board, is susceptible  
to errors (Cariani et al., 2017). For instance, in this  
study, the vast majority (about 87%) of Mediterranean  
specimens that clustered together in Clade A were  
a priori classified as C. granulosus, only a few as  
C. uyato (about 2%) and the remaining (about 11%)  
were only identified to the genus level as Centrophorus 
sp. (Supporting Information, Table S1).

It is beyond the scope of this paper to address the 
issue of the proper name to be used for Centrophorus 
individuals occurring in the Mediterranean Sea, or 
to retrace the long, controversial taxonomic diatribe 
related to them, since this has been well described in 
recent papers (Guallart, 1998; White et al., 2013, 2017; 
Veríssimo et al., 2014). However, a single, unambiguous 
species  name  for  the  Mediterranean  gulper  shark 
is  fundamental  to  reduce  the  confusion  about  this 
taxon  and  to  implement  the  correct  attribution  of 
specimens, with implications for the conservation and 
management of this genus. In light of this, we decided 
and  suggest  conforming  to  the  recommendation  by 
White et al. (2013), which is now widely adopted by 
the scientific community, to use the name C. cf. uyato 
(or C. ‘uyato’ sensu White et al., 2013) for the gulper 
shark in the Mediterranean Sea, as well as for the 
conspecific specimens from the Atlantic, the Indian 
and the Pacific Oceans, and to use C. granulosus when 
referring to the largest member of this genus, which 
does not occur in Mediterranean waters (White et al., 
2013). Consequently, the specimens commonly found 
in the Mediterranean and attributed to C. granulosus 
(C. cf. granulosus) in previous papers (Cariani et al., 
2017;  Follesa  et  al.,  2019b;  Leonetti  et  al.,  2020; 
Ramírez-Amaro et al., 2020) should be referred to as 
C. cf. uyato (C. ‘uyato’ sensu White et al., 2013). This  
new information on the genus confirms the importance 
of a revision of the identification field guides used in  
the Mediterranean, as suggested in Vella et al. (2017).

n ew  genetic  data  for  Centrophorus  outSide  of  
the  m editerranean  S ea

All the specimens from South Africa (Indian Ocean) 
were morphologically attributed, and then genetically 
assigned, to a single species: C. squamosus. Mauritania, 
in the central-eastern Atlantic Ocean, was the only 
location we analysed where specimens clustered 
in three different genetic clades, corresponding to 
Clades  A,  D  and  E,  identified  in  the  North  Atlantic 
by Veríssimo et  al.  (2014).  These  results  are  in  line 
with  those presented for Portuguese waters, NE 
Atlantic,  by  Moura  et  al.  (2015),  where  at  least 
three species coexisted: C. granulosus (or the ‘true’ 
C.  granulosus  sensu White et al, 2013), C. ‘uyato’ (or 
C.  cf.  uyato  sensu Veríssimo et al, 2014) and C. 
squamosus. Once again, although C. squamosus was 
easily  distinguished  from  other species based on 
its peculiar morphological features  (i.e.  dermal 
denticles)  and  hence  correctly  identified,  in  most 
cases, the initial morphological identification  of 
the other CE Atlantic specimens did not correspond 
to their genetic clustering. Specimens visually 
identified as C. granulosus were genetically 
attributed to C. cf. uyato and specimens not identified 
at the species level were genetically ascribed to true 
C. granulosus (Supporting Information, TableS1).

We must consider that C. squamosus may 
occasionally enter the western part of the 
Mediterranean basin from the Atlantic Ocean 
(Veríssimo et al., 2014). This statement is 
supported by the finding of a sequence  from  a 
Mediterranean specimen (collected in Algeria) 
reported  by  Veríssimo  et  al.  (2014)  clustering  with 
other C. squamosus sequences. However, no 
photo voucher of this specimen is available and no 
morphological examination was possible (Veríssimo 
et al., 2014). Other historical records of C. 
squamosus  in the Mediterranean Sea exist, but they 
are not based on direct observations and hence were 
attributed to errors in taxon names or locality data of 
the specimens (Veríssimo et al., 2014 and 
references therein). No confirmed occurrence of this 
species  is  available  from  any  Mediterranean  deep-
water surveys carried out during the 20 th century.

As already discussed for C. ‘uyato’, C. granulosus 
and C. squamosus showed shared haplotypes among 
distant  locations,  ranging  from  Atlantic  waters  to 
the southern seas off Australia (Supporting 
Information,  Tables  S2–S5).  This  result  highlights 
the high genetic similarity  and  the  high  gene-flow 
along  the  huge  geographic distribution of the two 
species. Genetic homogeneity between eastern 
North  Atlantic  and  South African populations 
of  C.  squamosus  was  detected  and  explained  by 
the high dispersal in deep-water  benthopelagic 
sharks,  facilitated  by  the  presence  of  continuous 
continental  and  insular  slope  habitats (Veríssimo et 
al., 2012). The absence of genetic 
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divergence was found both at mitochondrial and 
nuclear loci (microsatellites), suggesting an ongoing or 
recent gene-flow among the locations investigated in 
the Atlantic, but not with a C. squamosus population 
from New Zealand, (Veríssimo et al., 2012).

c ompariSon  with  public  data

Sequences for mitochondrial genes under 
investigation were available for 11 out of the 15 valid 
species of Centrophorus and for four out of the five 
species  of  Deania,  as  listed  in  Fricke  et  al.  (2021). 
Unfortunately, sequence data for additional relevant 
taxa (e.g. Centrophorus tesselatus Garman, 1906 and 
Centrophorus westraliensis White et al., 2008) and 
geographical areas from several previous molecular 
research works have not been deposited in GenBank 
or BOLD (Daley et al., 2012; Naylor et al., 2012a, b; 
Straube et al., 2013; White et al., 2013, 2017).

When sequenced data from online repositories were 
included in the alignments, evidence of identification 
problems  was  found  in  Centrophoridae,  in  both 
Centrophorus and Deania. It is a well-known problem 
that public repositories are especially prone to errors 
derived  from  misidentified  specimens  when  collected 
and  included  into  repositories  with  their  original, 
incorrectly assigned, identities (Naylor et al., 2012a). 
Incorrect names were found not only associated with 
sequences that were not included in publications (see 
Supporting Information, Tables S2–S4), but even for 
sequences  that  appeared  in  papers  with  different 
names  from  that  used  online  (Douady  et  al.,  2003; 
Veríssimo et al., 2014; Vella et al., 2017). The confusion 
was also generated by sequences that were originally 
attributed to a species and later recognized as being 
part of a different taxon after a new species had been 
recognized or an existing species revised (e.g. C. leslei 
and C. longipinnis); their record in the public databases 
is  never  updated  (Douady et  al.,  2003; Wong  et  al., 
2009; Straube et al., 2010; Costa et al., 2012; Naylor 
et al., 2012a, b; White et al., 2017). It has been pointed 
out that once a name has been added to a database, it 
is difficult to convince data managers that it should be 
changed (Collins & Cruickshank, 2013).

The  three  markers  evaluated  in  this  study 
performed differently. For instance, the 16S gene allows 
discrimination of all Centrophorus species, except for 
C. harrissoni/isodon that share the same haplotype, as  
already pointed out by Daley et al. (2012). Moreover,  
the low variability of this fragment and the presence of  
singletons (unique haplotypes) compromised the ability 
of  the  BCMA  to  distinguish  between  C.  harrissoni/
isodon and Centrophorus sp. 1 or C. squamosus (MOTU1) 
from C. longipinnis (MOTU2).

COI proved to be more successful in distinguishing 
species. The trees (Fig. 4; Supporting Information, Figs 

S4, S5) and outputs of the BCMA analyses were able 
to recognize as separate MOTUs, sequences assigned 
by  the  BOLD  RESL  method  to  the  same  BIN.  As 
expected,  when singletons (unique haplotypes) are 
involved,  the  BCMA  struggles  to  distinguish  these 
MOTUs Meier et al., 2006; Brown & Collins, 2011).

A  finer  resolution  was  obtained  with  the  fast-
evolving protein-coding gene NADH dehydrogenase 
subunit 2 (ND2), which proved to be the most variable 
and informative in distinguishing among closely 
related species, even if they were represented by 
single haplotypes (e.g. Centrophorus sp. 1/leslei/
harrissoni/isodon and C. longipinnis/cf. longipinnis, 
in Fig. 6 and Supporting Information, Figs S8, S9).

Considering that several species have been recently 
revised and other species (species-groups) are at 
present under revision by expert taxonomists (Naylor 
et  al.,  2012b;  White  et  al.,  2013,  2017),  we  do 
not  discuss in detail the several incongruencies that 
have  emerged  from  the  molecular  data.  Instead,  we 
refer  to  two  interesting  points.  First,  the  sharing  of 
haplotypes  among  separate  ‘valid’  species,  for  which 
several authors have proposed synonymizing two/three 
under the same name (e.g. C. cf. uyato/Centrophorus 
zeehaani White et al., 2008, C. granulosus/
Centrophorus acus, Garman, 1906/C. niaukiang 
Teng,  1959/C.  lusitanicus;  Naylor  et  al.,  2012a,  b; 
White et al., 2013, 2017; Veríssimo et al., 2014; Moura 
et al., 2015). As mentioned above, this could reflect 
incongruence between gene and species trees 
(different  species  that  retain  polymorphisms  of  the 
ancestral  species  from  which  they  originated)  or, 
more commonly, misidentification/mislabelling in the 
deposited  sequences  (Moura  et  al.,  2008).  Second, 
our analyses indicate how undescribed species could 
exist  within  Centrophoridae  (e.g.  C.  cf.  longipinnis 
and C. cf. isodon) or that existing species should be 
split in two (e.g. C. atromarginatus and D. 
quadrispinosa from the Indian and the Pacific Ocean, 
genetically distinct). Confusion  within  this  taxon  is 
thus far from being resolved;  additional  studies 
should  be  carried  out,  based  on a comprehensive 
sampling across the geographic range of all species, 
and analyses combining multiple molecular markers 
and morphological characters on verified 
individuals.

m olecular  diagnoStic  characterS  to  identify  
SpecimenS

Because the genetic distance-based approach towards 
species identification lacks the specificity needed 
for regulatory or legal applications, which 
require unambiguous identification results, the 
identification of discrete molecular characters has 
been successfully applied to unambiguously 
diagnose  species  of  elasmobranchs (Wong et al., 
2009; Vargheese et  al., 2019). Here, we have applied 
this approach, which has 
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allowed identification of tens of nucleotide diagnostic 
species-specific characters in the newly generated 
sequences. These characters can be easily used and 
strongly confirm the distinction of the three species 
under investigation: C. granulosus, C. squamosus and 
C. cf. uyato (Supporting Information, Table S6). The  
diagnostic nucleotide keys can be extremely useful to  
attribute specimens to species, using a complementary 
methodology  other  than  standard  sequencing;  
for instance, to design species-specific probes for  
microarrays or to identify species-specific primers to  
use in multiplex PCR assays.

Our results show how the number of diagnostic 
characters decreased as the whole pool of specimen 
haplotype  and  species  increased,  including  all 
sequence data available for the family Centrophoridae 
(Supporting  Information,  Table  S7).  This  is  not 
surprising,  because  diagnostic  nucleotides  are  less 
likely  to  be  present  as  the  variability  in  character 
states  reaches  saturation  (Wong  et  al.,  2009).  In 
particular, it has been proven that the addition of a 
closely related species in the pool of sequences is more 
likely to eliminate a previously identified diagnostic 
nucleotide (Wong et al., 2009). However, to address our 
specific problem, namely the correct identification of 
Mediterranean Centrophorus specimens, we should 
focus  on  key  diagnostic  characters  obtained  by 
comparing the sequences of the three candidate species 
in our area of interest. It is unnecessary to include in 
the analyses sequences of species that do not occur in 
the area, since when enlarging the pool of sequences/
species it would only reduce the number of diagnostic 
characters without any beneficial effect.

m orphometric  aSSeSSment

The CAP analysis strongly confirms the a priori 
genetic group assignment, identifying three distinct 
groups with different morphotypes. Interestingly, the 
morphometric measures that have been recognized 
by the SIMPER analysis as being responsible for the 
majority of intraspecific similarity are all related to  
the head and trunk, suggesting a higher influence 
of  the  main  body  shape  in  group  identification, 
rather  than  the  fin  morphology.  In  particular, 
C. granulosus shows, on average, shorter head and  
trunk measurements related to the total length (TL)  
than the other two groups. However, given the small  
sample size of specimens belonging to this species,  
these results should be considered as preliminary  
and provided as mostly useful for species descriptive/
qualitative analyses. These results are in agreement  
with White et al. (2013) and Veríssimo et al. (2014),  
with the exception of the prebranchial length (PG1)  
and interdorsal space (IDS). The former appeared  
smaller in the present study than those previously

reported,  while  the  latter  was  found  to  be  higher 
than  that  reported  in  White  et  al.  (2013),  but  in 
accordance with the study by Veríssimo et al. 
(2014). However, this  difference  could  also  reflect 
the  fact  that  the  IDS  measurement  in  our  study 
and Veríssimo’s was different from that in 
White’s, being the first the ‘Distance  from  first 
dorsal  fin  insertion  to  second  dorsal  fin insertion’ 
rather than the second the ‘Distance from first dorsal 
fin  insertion  to  second  dorsal  fin  origin’. Given the 
limited  sample  size  analysed  in  this  work,  further 
investigation  of  morphological  differences  should 
be carried out to better clarify this aspect.

The most important measure to discriminate the 
species appears to be the pectoral fin posterior lobe 
length (P1I), which clearly separates C. 
squamosus  from  the  others.  This  result  agrees  with 
the  literature,  which often reports a short, not 
particularly  sharp  and  not  elongated  pectoral  free 
edge for this species (e.g. Ebert et al., 2013), lying in 
the range reported by Veríssimo et al. (2014). 
Nevertheless, this structure is frequently ruined due 
to its fragile nature and it could also be easily 
damaged  because  of  particular  mating  behaviours, 
such as pectoral grasps or bites, reported in several 
shark  species  (e.g.  White  et  al.,  2003;  Afonso  et  al., 
2016;  McCauley  et  al.,  2010).  In  addition,  P1I 
represents a markedly allometric parameter, 
depending  on  the  size  of  the  specimens,  as  reported 
in  Guallart  (1998)  and  Guallart  et  al.  (2013).  For 
these reasons, the fin lobe should be carefully 
evaluated  before  being  used  for  any  identification 
attempt. In addition, most of the measurements 
recorded in this study for C. squamosus agree with 
those  reported  by  Veríssimo  et  al.  (2014),  with  the 
exception of preventral caudal fin margin (CPV), first 
dorsal  fin  height  (D1H),  second  dorsal  fin  anterior 
margin  (D2A)  and  second  dorsal  fin  inner  margin 
(D2I), which measured lower in  the  present  study. 
This could be attributed to allometric factors, 
considering  the  wider  TL  range  of  the  individuals 
analysed in this paper.

All Mediterranean specimens are correctly assigned 
to  the  C.  cf.  uyato  group  by  the  CAP  analysis.  The 
last  statement  could  be  considered  endorsed  by  the 
results of the secondary CAP analysis, which 
included the samples without molecular 
identification that grouped all Mediterranean 
specimens together.

Three individuals of C. cf. uyato caught in the Atlantic 
Ocean were in the external margin of their group 
clouds  in  the  CAP  analysis,  pointing  towards  the 
other  Atlantic  shark  groups  (Fig.  7).  This  suggests 
that the Atlantic population may present some 
morphological  features  differentiating  it  from  the 
Mediterranean one. These morphological 
dissimilarities  could  be  due  to  a  certain  degree  of 
isolation caused by the Strait of Gibraltar, not only 
because  of  its  small  amplitude,  but  also  because  of 
its shallow maximum depth (Fredj &  Laubier,  1985) 
and/or to the adaptation to different 
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environmental conditions, as observed also for other 
deep-sea  sharks,  such  as  Centroscymnus  coelolepis 
Barbosa du Bocage & Brito Capello, 1864 (Catarino 
et  al.,  2015).  It  is,  indeed,  widely  reported  that 
populations of the same species may exhibit various 
growth patterns related to the inhabited geographic 
area (Carlson et al., 2003; Driggers et al., 2004). This 
last hypothesis should be investigated further.

Even  though  the  contribution  of  the  linear 
measurements of fins in species discrimination is not 
the most relevant (as highlighted by the SIMPER 
analysis), the results of the geometric morphometry 
analyses (PCA, CVA, Procrustes ANOVA, pair-wise 
comparisons and DFA) consistently showed differences 
in the shape of the two dorsal fins and the caudal fins 
among species, more clearly in the comparison between 
C. cf. uyato and C. squamosus. Because of the small  
sample size, the results relative to C. granulosus should 
be taken with caution and considered preliminary.  
Future studies, based on larger sample sizes, will  
probably integrate the evidence reported here. The  
samples of this species considered in the multivariate  
analyses on D1, D2 and C, were widely included within 
the samples of C. cf. uyato. Such differences in the shape 
of dorsal and caudal fins may be useful in the context  
of species identification, as these fins are usually less  
damaged by fishing operation than is body shape. The 
observed differences in fin morphology could reflect the 
occupation  of  habitats  with  different  environmental  
characteristics  (Sternes  &  Shimada,  2020).  Even  if  
the relationship between the morphometric variability 
and the ecological characteristics of species is still  
little explored, the high variability in the caudal fin  
shape  may  reflect  the  species-specific  patterns  of  
movement, feeding and habitat utilization (Thomson,  
1976; Thomson & Simanek, 1977; Lauder, 2000; Wilga  
& Lauder, 2002; Scacco et al., 2010; Kim et al., 2013;  
Irschick & Hammerschlag, 2015; Irschick et al., 2017;  
Sternes & Shimada, 2020).

In  the  specific  case  of  Centrophorus  species,  the 
caudal  fin  displays  a  prominent  asymmetry  that  is 
reported  to  be  correlated  with  their  general  slow-
swimming behaviour and their feeding habit, which 
may include predation on faster prey (Thomson, 1976; 
Thomson & Simanek, 1977; Scacco et al., 2010; Irschick 
et al., 2017). The caudal fin morphology could also be 
associated  with  their  escape  behaviour  (Domenici 
et al., 2004) and could represent an adaptation to the 
higher density of the deep-water masses they inhabit 
(Scacco  et  al.,  2010).  However,  limited  information 
is currently available on the genus Centrophorus 
regarding biological, ecological and life-history traits. 
Further investigations are needed to improve our 
knowledge and to confirm our hypotheses.

Significative differences in the shape of the first and 
second dorsal fins were also detected. According to the 

literature, the role of the dorsal fins on the swimming 
ability and hydrodynamics of Centrophoridae is not 
well understood, but it is hypothesized to be related 
to the undulation shape that allows the animals to 
maintain their stability and manoeuvrability during 
swimming  (Lingham-Soliar,  2005;  Maia  &  Wilga, 
2013a, b, 2016; Maia et al., 2017).

Many structures, including the fins analysed in this 
work, have been demonstrated to be correlated with 
changes  in  feeding  behaviour  and  the  transition  to 
different habitats during the lifespan of an individual 
(Fu  et  al.,  2016;  Bernal-Durán  &  Landaeta,  2017; 
Ventura et al., 2017; Martinez et al., 2018; Wilson et al., 
2020).  Because  ontogenetic  morphological  variation 
has  been  reported  in  C.  cf.  uyato  (Guallart,  1998; 
Guallart et al., 2013; White et al., 2013, 2017; Veríssimo 
et  al.,  2014),  we  also  performed  some  intraspecific 
analyses  to  investigate  the  structural  variations  of 
this species over its lifespan. According to our results, 
no significant difference was found between male and 
female specimens, so the presence of sexual dimorphism 
in the fin shape was excluded. The two regression 
models performed suggest the presence of significant 
ontogenetic shape change. However, this interpretation 
must be taken with caution because, in particular for 
dorsal fins, specimens with a total length less than 70 cm 
and more than 100 cm are severely under-represented 
in the dataset. If these tendencies were confirmed, 
we could hypothesize that the change in ontogenetic 
shape may reflect the ability of different life-stages of 
this species to occupy different habitats, changing their 
ecology and feeding behaviour over time (Fu et al., 2016; 
Irschick et al., 2017). This evidence could be supported 
by previous studies conducted on Centrophorus species, 
which reported bathymetric segregation by sex, size and 
maturity (Golani & Pisanty, 2000; Clarke et al., 2001; 
Megalofonou & Chatzispyrou, 2006; Bañón et al., 2008; 
Rodríguez-Cabello & Sánchez, 2014; Cotton et al., 2015; 
RodríguezCabello et al., 2016; Lteif et al., 2017). The 
few studies performed on the species of Centrophorus 
inhabiting the Mediterranean basin, reported here as 
C. cf. uyato, have confirmed that this species occupies  
different depth-layers according to its size (Golani &  
Pisanty, 2000; Megalofonou & Chatzispyrou, 2006).

Differences  in  dorsal  fin  shape  are  used  broadly 
to  distinguish  and  identify  specimens  at  different 
taxonomic levels (Andreotti et al., 2018; Yahn et al., 
2019) confirming the reliability of this approach for the 
purposes of our study. In this perspective, the creation 
of  a  public  database  of  shark  fins,  along  with  the 
implementation of the landmarks-based techniques, 
could promote the development of reliable and easy-to-
use tools for a quick identification in the field (http://
www.fao.org/ipoa-sharks/tools/software/isharkfin/en/).

In conclusion, the current study provides important 
information on the presence of a unique, undescribed 
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species  of  Centrophorus  in  the  Mediterranean 
Sea, which we tentatively identify as C. cf. uyato, 
as previously proposed by Veríssimo et al. (2014). 
Therefore, a single unambiguous and taxonomically 
valid name for the Mediterranean gulper shark should 
be described following the proper procedure of the 
ICZN, along with the designation of a holotype to 
reduce the confusion bearing upon this species. Looking 
forward to a comprehensive taxonomic revision of 
the genus Centrophorus, the implementation of the 
correct assignment of the specimens will improve the 
management and conservation of these species.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Figure S1. Scheme of the morphometric measurements taken from each specimen. Nomenclature and abbreviations 
were defined according to Veríssimo et al. (2014) are here reported: TL, total length; FL, fork length; PD2, pre-
second dorsal fin length; PD1, pre-first dorsal fin length; PG1, prebranchial length; IDS*, interdorsal space; DCS, 
dorsal-caudal fin space; CDM, dorsal caudal fin margin; PCA, pelvic fin caudal fin space; CPV, preventral caudal 
fin margin; HDL, head length; PP2, prepelvic fin length; PN, prenarial length; POR, preoral length; D1A, pirst 
dorsal fin anterior margin; D1B, first dorsal fin base; D1B’, first dorsal fin base, from the posterior insertion of 
the spine; D1H, first dorsal fin height; D1I, first dorsal fin inner margin; D2A, second dorsal fin anterior margin; 
D2B, second dorsal fin base; D2B’, second dorsal fin base, from the posterior insertion of the spine; D2H, second 
dorsal fin height; D2I, second dorsal fin inner margin; P1A, pectoral fin anterior margin; P1B, pectoral fin base; 
P1H, pectoral fin height; P1I, pectoral fin inner margin. * following Verissimo et al. 2014 where IDS is defined as 
‘Distance from first dorsal fin insertion to second dorsal fin insertion’.
Figure S2. A, positions of the seven caudal fin landmarks (lmk):.lmk 1, caudal fin upper origin; lmk 2, posterior 
tip; lmk 3, posterior tip of subterminal margin; lmk 4, subterminal notch; lmk 5, deepest point of the caudal fork; 
lmk 6, ventral tip; lmk 7, caudal fin lower origin; B, positions of the five dorsal fin landmarks (lmk): lmk 1, fin 
origin; lmk 2, fin spine insertion; lmk 3, fin tip; lmk 4, end of the free rear tip; lmk 5, fin insertion.
Figure S3. The plot of the first two major axes of the principal coordinates analysis based on the K2P genetic 
distances.
Figure S4. Maximum likelihood phylogenetic tree of the COI haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S5. Neighbour-joining phylogenetic tree of the COI haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S6. Maximum likelihood phylogenetic tree of the 16S haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S7. Neighbour-joining phylogenetic tree of the 16S haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S8. Maximum likelihood phylogenetic tree of the ND2 haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S9. Neighbour-joining phylogenetic tree of the ND2 haplotypes. Near the nodes are the support values, 
shown as bootstrap values > 50. In red the haplotypes from individuals sequenced in the present study. 
Figure S10. Analysis of principal coordinates (CAP) scatterplot representing the morphometric differences 
observed among the species resulted from the genetic analyses, including 49 Mediterranean individuals without 
molecular identification, assumed to be Centrophorus cf uyato. Specimens of Centrophorus cf. uyato collected in 
the Atlantic Ocean are circled in red.
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Figure S11. Principal component analysis (PCA) conducted on caudal fin (A), first dorsal fin (B) and second 
dorsal fin (C) landmarks of Centrophorus cf uyato. Light blue dots correspond to male individuals and pink dots 
correspond to female individuals.
Figure S12. Canonical variates analysis (CVA) performed on caudal fin (A), first dorsal fin (B) and second 
dorsal fin (C) landmarks. Blue, pink and red dots represent, respectively, Centrophorus cf. uyato, Centrophorus 
granulosus and Centrophorus squamosus samples.
Figure S13. Relationship between centroid size and total length (TL) for the caudal fin (A), first dorsal fin (B) 
and second dorsal fin (C) of Centrophorus cf. uyato specimens. Males and females are represented, respectively, 
in light blue and pink.
Figure S14. Relationship between shape (Procrustes coordinates) and total length (TL) for the caudal fin (A), 
first dorsal fin (B) and second dorsal fin (C) of Centrophorus cf. uyato specimens. Male and female specimens 
correspond, respectively, to light blue and pink dots.
Table S1. Details of specimens analysed in this study: sampling, morphological and genetic data are reported in 
detail for each individual.
Table S2. Details of the COI sequences mined from GenBank and or BOLD. Clade as in Figure 4. COI Haps = COI 
haplotype, Molecular assigned species, Original attribution, BOLD ID, Voucher, GenBank ID, BIN, Location, Area, 
other = localities other than the voucher, Reference.
Table S3. Details of the 16S sequences mined from GenBank and or BOLD. Clade as in Figure 5. 16S Haps = 16S 
haplotype, Molecular assigned species, Original attribution, BOLD ID, Voucher, GenBank ID, Location, Area, 
other = localities other than the voucher, Reference.
Table S4. Details of the ND2 sequences mined from GenBank and or BOLD. Clade as in Figure 6. ND2 Haps = ND2 
haplotype, Molecular assigned species, Original attribution, BOLD ID, Voucher, GenBank ID, Location, Area, 
other = localities other than the voucher, Reference.
Table S5. Details of the sequences analysed in this study: Clade as in Figures 46, COI Haps = COI haplotype, 
GenBank COI ID, ND2 Haps= ND2 haplotype, GenBank ND2 ID, 16S Haps = 16S haplotype, GenBank 16S ID, 
Concatenated haplotype, molecular assigned species, morphological assigned species, Voucher, BOLD ID, BIN, 
Location, Area, Reference.
Table S6. Character-based DNA sequences for C. cf. uyato, C. squamosus and C. granulosus showing the diagnostic 
character states in the 28S, 16S, COI and ND2 gene sequences, respectively. Combinations of character states at 
specific nucleotide positions are diagnostic for clades’ identification. Black cells represent transversion events and 
transitions are also reported.
Table S7. Character-based DNA sequences for 8, 14 and 15 clades retrieved from 16S, COI and ND2 genes, 
respectively. Combinations of character states at specific nucleotide positions are diagnostic for clades’ 
identification. Grey cells highlight the lack of diagnostic character (DC), while black cells represent transversion 
events. Transitions are also reported.
Table S8. Species-specific range of morphometric measurements reported in percentage of total length (TL). N 
represents the number of individuals considered for the analyses. Refer to Figure S1 for measurements’ acronyms.
Table S9. Cross-validation of the CAP analysis performed among the three groups of gulper shark genetically 
identified. Percentages of samples correctly allocated to each group, total correct assignment and mis-classification 
error are also reported.
Table S10. SIMPER analysis results showing the contribution of each measurement to the intraspecific 
similarity and pairwise dissimilarity between C. cf. uyato, C. squamosus, C. granulosus. Cumulative and punctual 
average values of similarity are provided for each measurement considered. Refer to Figure S1 for measurements’ 
acronyms.
Table S11. Discriminant function analysis results showing the number of samples correctly and incorrectly 
assigned to each group in the pairwise comparison. The total number of samples analysed is also reported.
Supplementary Text S1. Details of amplification conditions for COI, ND2, 16S and 28S markers.
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